INTRODUCTION
Future space flight will require the transfer of cryogenic liquids under low-gravity (low-g) conditions for use in chemical and nuclear propulsion, life support, and thermal control.
Conventional pressurization of settled cryogenic tanks utilizes hardware that diffuses the pressurant flow within the ullage in a manner which minimizes impingement of the pressurant on the liquid-vapor interface or tank walls. In the low-g environment, the distribution of liquid and vapor phases may not be well defined and it becomes difficult to ensure that the pressurant is injected directly into the tank ullage. It is possible that direct injection of the pressurant into the bulk liquid will occur during liquid reorientation, sloshing, or even static conditions. For all of these conditions, the pressurant-liquid interaction may lead to either evaporation of the liquid or condensation of the pressurant gas, depending upon the complex heat and mass transfer processes involved.
Previous studies of submerged gas injection include an experimental investigation of helium gas injection into liquid hydrogen CLH2) by Johnson t. For this situation, interaction of the non-condensible helium gas and LH 2 leads to vaporization of a portion of the LH 2, which in some cases can reduce the required amount of pressurant gas. However, when a condensible pressurant is used for tank pressurization, the potential for pressurant condensation (collapse) is high. This is noted in experiments performed by DeWitt and Mclntire 2 with liquid methane. When the pressurant was directly injected into the ullage, liquid sloshing increased the pressurant requirement for a condensible pressurant (methane) and decreased the pressurant requirement for non-condensible pressurants (helium and hydrogen).
Finally, the interaction of the pressurant with the liquid frequently results in undesirable liquid heating. 
EXPERIMENTAL APPARATUS
The test facility (see Fig. 1 The total length of the j-tube from the attachment point at the tank lid to the outlet is approximately 2 m. Figure 2 is a schematic diagram that indicates the location of the j-tube and various temperature sensors. The j-tube exit is approximately 25 cm from the tank bottom. Liquid fill level in the tank is measured by a capacitance probe, and liquid-vapor temperatures are measured by silicon diode transducers.
The external wall temperature distribution is measured by a number of wall-mounted silicon diode transducers. Tank pressure is measured by pressure transducers in direct communication with the tank ullage. Liquidvapor temperature measurements inside the tank are accurate to + 0.3 K, while wall temperatures are accurate to + 0.6 K. An in situ calibration increases the accuracy of liquidvapor temperature measurements to + 0.i K by adjusting the individual sensor readings to known saturation conditions. Tank pressure measurements are accurate to + 0.01 kPa. Capacitance probe readings are accurate to + 1.9 cm, translating to a maximum error of + 1.5 percent fill at the 50 percent fill level (by volume). Pressurant gas flow rate measurements have an estimated accuracy of + 0.18 and + 0.40 kg/hr for the large orifice using the low and high range differential pressure transducers, respectively.
Liquid outflow could not be properly measured due to cavitation in the venturi; instead it was determined from liquid level change in the tank. Data is sampled by an automated data acquisition system at selected intervals (15 to 60 sec) throughout the duration of the experiments.
TEST PROCEDURE
The tank is prepared for a test by filling to the desired fill level while the tank pressure is maintained at least 15 kPa above atmospheric pressure. If heated pressurant is used, the tank bypass line is opened and the pressurant line is thermally conditioned until the temperature transducer near the j-tube inlet indicates the desired gas temperature.
Next the tank is vented to the atmosphere to induce substantial bulk boiling of the tank liquid which produces nearly isothermal conditions within the tank. A venting period of approximately 15 min is necessary to obtain saturated liquid temperatures throughout the tank. A test is initiated by closing the vent line valves and opening the pressurant line valves. In the first portion of a test, a preset tank pressure ramp rate is maintained by controlling the pressurant flow control valve with an automatic ramp generator. After the maximum tank pressure is attained, a 2 min hold period follows during which control of the pressurant flow valve is switched to an automatic pressure controller. The tank pressure is kept constant by addition of pressurant during liquid expulsion. Liquid outflow is regulated by remote operation of flow control valves in the outflow line. Expulsion is stopped at a nominal 5 percent fill level. Data is automatically recorded at regular intervals throughout the duration of the test. 
The quantities on the fight hand side ofEq. 5 were calculated as follows:
where p and h are functions of temperature and pressure and Cw is the specific heat of the tank wall material.
Dropping the i,f subscripts, Eq. 5 may be rearranged as: Experimentally determined pressurant requirements may be compared to two simple analytical models. The first model gives the so called "worst case" pressurant requirement. It assumes that the pressurant attains thermal equilibrium with the tank contents, i.e. a homogeneous thermodynamic state. Under cryogenic conditions, the energy increase of the tank wall may be neglected. Solutions for the thermal equilibrium prediction are obtained by combining the mass and energy balances applied to the tank contents:
The second model assumes no energy or mass transfer occurs between the pressurant and the tank or the initial tank contents. This model provides the so called "ideal" pressurant requirements.
It is formulated assuming that the initial ullage mass is isentropically compressed during the ramp process. The remaining portion of the initial ullage volume plus the volume vacated by the liquid during expulsion is assumed to be occupied by added pressurant which undergoes an isentropic expansion from its supply condition.
The ideal mass requirement for specified initial and final fill levels is:
TEST RESULTS
A series of experiments
were performed in which the effects of ramp duration, expulsion time, and pressurant gas temperature were investigated.
A test summary is provided in Table 1 . All tests began with the tank vented to atmospheric pressure (99 to 107 kPa) followed by a ramp pressurization to approximately 275 kPa. Initial liquid fill levels were 84 percent. Liquid expulsions were limited to 4 tests where the final tank fill level was 7 percent (5 percent for Test No. 6).
The tank pressure history for Test No. 5R is shown in Fig. 3 which consisted of a ramp pressurization process followed by a 2 rain hold period and then a constant pressure expulsion of the liquid. During the ramp process, the tank pressure was increased from 99 to 275 kPa. Next was the hold period, followed by liquid expulsion from the 84 to 7 percent fill level. The expulsion occurred at constant tank pressure except for a small pressure drop (13 kPa) experienced when the liquid outflow valve is first opened. Pressure histories for the other ramp and expu!sion tests listed in Table 1 are similar to that shown in Fig. 3 except for differences due to the parametric variation of the ramp and expulsion rates. 
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250- Ramp pressurization followed by liquid expulsion.
Representative internal tank temperatures (measured near the vertical tank axis) are shown in Fig. 4 for Test No. 5R. Three of the measurement locations were initially below the liquid level while the remaining location was at all times in the vapor region. All of the liquid temperatures are in close agreement during the ramp process; increasing with time. At the end of the ramp period the liquid temperatures are approximately 0.3 to 0.4 K less than the saturation temperature of LH 2 at 275 kPa. The uppermost temperature was slightly above the saturation temperature during the initial portion of ramp process and then rapidly increased thereafter except for a brief temperature drop, attributed to the sudden pressure drop at the start of the expulsion period. Within a few minutes after outflow began, the liquid temperatures reached the saturation temperature corresponding to the expulsion pressure. Two of the temperature sensors became exposed to the ullage during the expulsion and exhibited a steady temperature rise for the remainder of the test as the surrounding vapor becomes superheated.
In all of the tests, substantial liquid heating occurred due to the submerged injection of the pressurant gas.
Ramp duration, ranging from 12 to 27 min, did not have a significant effect on the pressurant energy input for the ramp pressurization tests. As shown in Table 1 , for gas temperatures of 275 K, the amount of injected pressurant was approximately 3 kg,.while at the hotter gas temperature of 330 K, the pressurant mass was 2.4 kg. Total energy input for all ramp tests was 11,500 kJ + 4 percent. Liquidexpulsion timealsodidnothaveasignificant effectonthepressurant energy input.Results wereobtained forexpulsion durations of approximately 15and25min. As wasthecase withramppressurization, lesspressurant mass wasneeded whenthepressurant temperature wasincreased, with theenergyinputremaining the samefor the two gas temperatures. Totalenergyinputfortheexpulsion tests, includingtherampperiod,was 18,100 kJ+ 3 percent.
Mass balances on the vapor region indicate that 63 to 80 percent of the 275 K pressurant gas and 54 percent of the 330 K pressurant gas condenses during ramp pressurization.
For the combined ramp and expulsion processes, the mass analysis indicates that net evaporation of the liquid occurs, with the amount of evaporated mass being of the same order as that of the injected pressurant.
Energy balances applied to the combined ramp and expulsion tests were found to balance to within 3 percent. Less than 0.4 percent of the total energy input (AUT) was due to the tank heat leak. Using the analysis described above, it was found that approximately 89 percent of the incoming energy went into liquid heating (AUL/AU.r), 10 percent into vapor heating (AUu/AU.r), and 1 percent was absorbed by the tank wall (AUw/AUT). This distribution is in good agreement with thermal equilibrium calculations from the homogeneous model. Energy balances applied to only the ramp process were found to be in error by as much as 30 percent, with the calculated liquid heating exceeding the energy supplied by the pressurant.
It is theorized that the error is due to the existence of radial temperature gradients in the liquid, with liquid heating away from the central vertical axis lagging that near the axis where measurements were obtained. The radial temperature gradients are thought to be most significant in the liquid region at the end of the ramp period.
Comparison of the experimental results with pressurant requirements predicted by the homogeneous model (Eq. 10) for the combined ramp and expulsion processes shows agreement within 6 percent, with the measured values generally exceeding predictions, as shown in Table 2 . For ramp pressurization only, it is seen that the predicted pressurant mass is more than the experimentally measured values. This result is plausible if the liquid has radial temperature gradients.
The last two columns in Table 2 list the ideal pressurant requirements calculated from Eq. 11. The measured total pressurant consumption (for combined ramp and expulsion) exceeds the ideal amounts by a factor of approximately five. For other initial and/or final fill levels, this factor will vary. For the ramp pressurization process only, the factor ranges from 41 to 46. Actual values of this "collapse factor" for direct ullage pressurization fluctuate according to diffuser design and numerous other conditions. Generally, well designed direct ullage pressurization systems have collapse factors that are substantially less than five. 
